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ABSTRACT 
 
Sand-clay mixtures are commonly used as a liner/barrier material in various engineering 
applications, such as construction of hydraulic and waste containments. Permeability, 
compressibility and strength are important properties of sand-clay mixtures and are often 
required for the design of the liner/barrier of the containments.  
 In states like Western Australia, which is covered mostly by sandy soils, engineers face 
difficulties with economically sourcing clays for liner/barrier applications. Any reliable 
research finding that recommends an optimum clay content to be used with sandy soil can be 
of significant importance. Such findings for the local Perth sandy soil are rarely available in 
the literature. Sodium bentonite can be added to Perth sandy soil as active clay in an 
appropriate amount to create a cost-effective liner/barrier material, especially for landfill 
applications. Bentonite has been used for such applications in other parts of the world. 
In this research, the permeability, compressibility and strength characteristics of Perth 
sand–bentonite mixtures are investigated to support recommendation for a cost-effective liner 
material with three different local soils. A series of standard compaction tests, a one-
dimensional consolidation test for compressibility and permeability characteristics, and an 
unconfined compression test and direct shear tests for strength characteristics were conducted 
on nine different sand-bentonite mixtures. The mixtures were formed by mixing local soils, 
namely brickies sand, plaster sand, and river sand with 5, 10, and 20%, by dry weight, of 
sodium bentonite.  
The test results show that soil permeability and compressibility are greatly affected by 
the type of soil used in the mixtures. The optimum amount of bentonite for brickies sand, 
plaster sand and river sand to achieve a permeability of less than 10-9 m/s, which is a liner 
design requirement, was found to be 5%, 10%, and 10%, respectively. The compression 
index increases linearly with the increasing bentonite content for any type of sand-bentonite 
mixture, but the rate of  increase is relatively higher when bentonite is mixed with brickies 
sand.  The results obtained from strength tests indicate that the unconfined compressive 
strength, the cohesion and the Young’s modulus all increase with increasing bentonite 
content, while the angle of internal friction decreases.   
Further, four possible methods, namely Casagrande logarithm of time fitting method, 
Taylor square root of time fitting method, analytical method and improved rectangular 
hyperbola fitting, are compared for estimating the coefficient of consolidation of sand-
iii | P a g e  
 
bentonite mixture. The analysis shows that the improved rectangular hyperbola method is the 
most reliable method for calculating the coefficient of consolidation among the four methods. 
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CHAPTER ONE 
 
INTRODUCTION 
 
 
 
1.1 General  
For the past several decades, mixing sand with an adequate amount of clay/bentonite has been a 
common practice for creating mixtures as construction materials used in a variety of engineering 
applications, such as hydraulic and waste containments. The combination of mixing sand and 
bentonite can be able to provide a very low permeability because of the ability of bentonite to 
swell and then fill the voids between sand particles. Another benefit of the mixture is low 
compressibility which is provided by sand framework. Furthermore, the mixture has less 
susceptible to frost damage comparing with natural clays (Dixon and Gray 1985) with low 
shrinkage potential in terms of wetting or drying processes (Kraus et al. 1997) which lead to 
better volume stability and higher strength. The sand-bentonite mixture seems to be an 
economical solution for the geoenvironmental applications in places which are covered mostly 
by sandy soils. For the design purposes, permeability and strength characteristics of the 
nominated materials should be examined in order to select the suitable and economical ratio 
which meets the requirements. In this chapter, the merits of sand-bentonite mixture and its 
geoenvironmental applications are introduced. Moreover, it provides the objectives and the 
scope of the present work. Finally, it describes how the work will be organized.  
 
1.2 Applications of Sand-Bentonite Mixtures  
Sand-clay mixtures have been utilized as a liner/barrier material in several engineering 
applications. These engineering applications include waste containments, such as landfill, cutoff 
walls, cores of earth dams, and buffer and backfill materials of radioactive nuclear waste 
containments, and also hydraulic containments, such as reservoirs. In the following sections, 
there are basic descriptions about the most common engineering applications which used sand-
clay mixtures as a liner/barrier in their structures. 
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1.3 Objectives and Scope of the Work   
This research aims at investigating different Perth sand-bentonite mixtures for the purpose of 
hydraulic barriers in engineering applications such as hydraulic and waste barriers/liners. In 
order to cope with the research problem, which is mentioned previously, the major aims of this 
study are given below: 
 Evaluating the effects of the variation in particle-size distribution of compacted sand-
bentonite mixtures on their permeability (k) and compressibility (Cc) characteristics. 
 Comparing different strength characteristics of sand-bentonite mixtures containing 
different particle-size distribution. 
 Recommending a specific sand-bentonite mixture composition which can produce 
permeability to meet the hydraulic barrier/liner design requirements and suitable 
strength.  
 Investigating four different methods for estimating the coefficient of consolidation (cv) of 
sand-bentonite mixtures and a comparison is made to find out the most suitable method. 
 
1.4 Publications based on the present work (Under Review and Preparation) 
 
1. Ghazi, A.F., Shukla, S.K., and Khiadani, M., 2014. Permeability and compressibility 
characteristics of compacted Perth sand-bentonite mixtures. International Journal of 
Geomechanics and Geoengineering (under review) 
 
2. Ghazi, A.F., Shukla, S.K., and Khiadani, M., 2015. Strength characteristics of compacted 
Perth sand-bentonite mixtures (under preparation) 
 
1.5 Organization of the Work  
The study presents seven different chapters. Chapter 1 gives a general introduction about sand-
bentonite mixture and its engineering applications, and the objectives and scope of the work. 
Chapter 2 provides the previous literature review which covers different characteristics of sand-
bentonite mixture. Chapter 3 is about the materials used in the study and also the tests which are 
conducted to determine the characteristics of sand-bentonite mixture. In Chapter 4, the results 
of permeability and compressibility characteristics of sand-bentonite mixtures are introduced. 
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Chapter 5 describes the results of different strength aspects of sand-bentonite mixtures. In 
Chapter 6, a comparison is made among four different methods used for estimating the 
coefficient of consolidation. Finally, a summary, conclusions and recommendations for the 
future work regarding this aspect are given in Chapter 7.  
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
 
 
2.1 General 
In the absence of impervious natural soils, a sand-bentonite mixture has been commonly 
suggested as an impermeable material for preventing and reducing migration of the contaminants 
in geoenvironmental engineering applications such as, landfill liners, cutoff walls, and buffers 
and backfills of radioactive waste disposal facilities. It is also used in some engineering 
applications as hydraulic barrier, such as reservoir. The engineering characteristics of sand-
bentonite mixtures, such as compressibility, permeability, and strength were investigated by 
several research works. This chapter has focused on reporting the literature related to 
investigating the characteristics of sand-bentonite mixtures. 
 
2.2 Basic Details of Sand-Bentonite Mixtures 
Liners/barriers are low permeable materials in the structure of engineering applications such as 
landfills and other containing sites. The role of these liners is represented by protecting and 
preventing the mobility of contaminants based on having very low permeability. These liners can 
be created of different materials such as, compacted clay, bentonite and soil, geotextile, plastic 
geomembrane, and cement (Sällfors & Öberg-Högsta 2002). This protective system consists of 
one or more from these kinds of liners which have different behaviour in terms of contaminants 
movement. Many types of liners in the modern landfills were generated namely compacted clay 
liner, sand-bentonite liner, geosynthetic clay liner, geomembrane (GM). The system of liner 
should be designed in a suitable way for the specific waste conditions and the contaminated sites 
(Alther 1987). Therefore; Alther (1987) provided criteria for designing the liners which were: (1) 
facility type such as, landfills; (2) type and volume of waste; (3) approximate location of the site; 
and (4) predicted long life for the facility.   
The sand-bentonite mixture is a combination of two different materials in terms of particle-
size distribution and chemical activity to produce a material with low permeability, low 
compressibility, and appropriate strength. Sand is consisted of small particles of rock fragments 
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and mineral. The main component of sands is mineral quartz. The physical characteristics of 
bentonite are based on the characteristics of smectite minerals. These characteristics are: high 
swelling, large cation-exchange capacity, low hydraulic conductivity, and large specific surface 
area (Gleason et al. 1997). Bentonite is available in two major types; Sodium (Na) and Calcium 
(Ca) depending on the type of external cation. Sodium bentonite is more used in the engineering 
practices than Calcium bentonite because sodium bentonite has lower hydraulic conductivity and 
higher swelling  (Alther 1982, 1987; Reschke and Haug 1991). Mesri and Olson (1971) stated 
that at the same void ratio, a calcium-dominated smectite was about 1,000 times more permeable 
than a sodium-dominated smectite. Bentonite is utilized in different engineering practices, such 
as barriers in landfill, geosynthetic clay liners, and vertical cutoff walls (Gleason et al. 1997). 
Smectite minerals in bentonite have mainly montmorillonite in its structure which is shown in 
Figure 2.1. The high percentage of montmorillonite is the reason for swelling property of 
bentonite.   
 
 
Figure 2.1 Diagram of the montmorillonite structure (After Das 2013) 
 
Further, the hydraulic conductivity for montmorillonite (M) is higher than other Smectite groups, 
which are: illite (H), and kaolinite (K), at very low densities (Figure 2.2) (Pusch 1992). 
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Figure 2.2 Comparison between montmorillonite (M), hydrous mica ("illite") (H), and kaolinite 
(K) with regards to hydraulic conductivity and void ratio (After Pusch 1992)  
  
 The efficiency of sand-bentonite mixtures used as barriers/liners in the hydraulic and waste 
containments should have some requirements. These requirements depend mainly on the 
hydraulic and mechanical characteristics of sand-bentonite mixtures. According to Gueddouda et 
al. (2008) who cited Chapuis (1990), Parker et al. (1993), and Thériault (2000), the requirements 
are mainly as follows:  
 
 The typical thickness for sand-bentonite barriers should range between (15-30) cm. 
 The range of permeability at saturated condition should be between (10-6-10-8) cm/s. 
 The exchange and adsorption properties are able to prevent some preferentially 
pollutants. 
 The physical stability cannot be effected by water in the wet condition. 
 Good ability to swell and interact with host rock to fill the cracks. 
 The particle-size distribution of sand in the mixture should ensure the hydraulic stability 
and form the mixture skeleton. 
 
 
 
 
e 
k (m/s)
ρm (g/cm3) 
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2.3 Characteristics of Sand-Bentonite Mixtures 
2.3.1 Compaction characteristics 
Compaction of soil can be defined as the method of increasing soil density by applying a 
mechanical energy to reduce the voids between the soil particles. There was a significant amount 
of data presented on compaction of soil-bentonite mixture. These data examined the effect of 
bentonite content, curing periods, compactive efforts, and mixing procedures on maximum dry 
density (or weight) and optimum moisture content described in the following literature.  
Kenney et al. (1992) carried out a series of standard compaction tests on bentonite–sand 
mixtures containing a bentonite content of 4%, 8%, 12% 16%, and 22% considering using 
freshwater in the tests. Kenney et al. also examined using two mixing methods for the materials. 
The first method was mixing sand and bentonite in a dry condition before adding water. The 
second method was mixing wet sand with dry bentonite followed by adding more water. They 
stated that the addition of bentonite up to 20% caused an increase in the values of maximum dry 
density and a decrease in the maximum dry density. The value of maximum dry density were 
estimated to be 1.70 to 1.85 Mg/m3; while the corresponding values of optimum water content 
were from about 12% to15%. Kenney et al. (1992) found that both of the mixing methods led to 
the same results. 
 Howell et al. (1997) examined the effects of type of processed clay soil, curing period, and 
mixing procedure on compaction behavior of sand-attapulgite clay (S-AC), sand-granular 
bentonite (S-GB), sand-powdery bentonite (S-PB), and sand-attapulgite clay-granular bentonite 
(S-AC-GB) mixtures. The percentages of total clay soil contents used for the mixtures were 10, 
15, and 20%. Two curing periods were used, one day and seven days. Two mixing procedures 
were adopted (1) mixing dry sand with bentonite before adding water and (2) mixing dry sand 
with water before adding bentonite.  The results of the compaction tests indicated that different 
trends in terms of the relationships between with increasing bentonite content as shown in Table 
2.1 and Figure 2.3(a, b). According to the Howell et al. (1997), the reasons for that were: (1) 
attapulgite clay has the greater water sorptivity and lower swelling potential compared with 
other two clays, (2) the granular bentonite has larger particle sizes compared with powdery 
bentonite. Howell et al. (1997) indicated also that there was a small effect of the two curing 
periods on the maximum dry unit weight and optimum moisture content. Finally, they found that 
the first mixing procedure produced maximum dry unit weight and optimum moisture content 
greater than the second mixing procedure. 
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mixtures were (5, 10, and 15%) and (3, 5, 8, and 11%), respectively. They reported that the 
compressibilty were critically affected by the bentonite content and also by moisture content. 
However, there was insignificant effect of grain size of sand on compressibility. 
 
2.3.3 Permeability Characteristics 
Permeability is the dominant property in the design of liners/barriers, such as sand-bentonite 
mixtures in waste and hydraulic containments. Characteristics of the permeability of sand-
bentonite mixtures were studied in several literatures. In these literatures, attempts were made to 
examine the permeability of sand-bentonite mixtures and also to investigate some factors which 
may affect the permeability. These factors were: type of bentonite (Mitchell and Soga 1976), 
bentonite content (Gueddouda et al. 2008; Chapuis 1990; Chalermyanont and Arrykul 2005), 
permeant type (Studds et al. 1998; Kenney et al. 1992), void ratio (Abeele 1986), compaction 
water content (Kenney et al. 1992), degree of saturation (Chapuis 1990), swelling behaviour 
(Studds et al. 1998; Shirazi et al. 2010; Komine 2008), size particle distribution (Sivapullaiah et 
al. 2000; Chapuis 1990). There were also some attempts to create models for predicting the 
permeability of sand-bentonite mixtures in order to avoid a considerable time and cost resulting 
from conducting the permeability tests.  
  Gleason et al. (1997) compared the effects of changes in bentonite type on the permeability 
of compacted sand-bentonite mixtures. Two types of air-dry bentonite were selected in the study, 
namely Sodium bentonite and Calcium bentonite. The Sodium bentonite was provided by 
Bentonite Corp. of Denver, Colo., while Clacium bentonite was provided by Vulcan materials 
Co., San Antonio, Tex. The Sodium bentonite had approximately 90% retained on the sieve No. 
40 (U.S. Standard); while Calcium bentonite had approximately 90% passing the sieve No. 100 
(U.S. Standard). The sand used were three groups, obtained from three locations. The three 
groups of sand were group A which was a medium, uniform, Ottawa sand sourced from 
Clemtex, Inc., Houston, Tex., group B which was a broadly graded sand provided by Vulcan, 
and group C which was a silty sand obtained from east Texas. The classifications of the three 
sands were SP, SW, and SM, respectively. The mixtures consisted of different contents of 
Sodium and Calcium bentonite and three sands. The percentages of added bentonite were 6, 12, 
20, and 30%. The permeability tests were conducted on samples using compaction mould and 
then permeated with the permeant liquids. Two groups of permeability tests were conducted: (1) 
specimens permeated with tap water and then with 0.25 M Calcium chloride (CaCl2); and (2) 
specimens permeated with only 0.25 M Calcium chloride (CaCl2). The results were calculated 
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Högsta (2002) indicted at k1 < 0.5, bentonite content is less than 12%, and at k1 > 0.5, bentonite 
content is rather high; however, these results were valid for fully saturated homogeneous 
mixture. 
 
sand
s
mixture
d
e
mixture
de
G
B
Bk 



)1(
1                                                                                                         (2.2) 
where: 
 k1               = proposed parameter by Sällfors, and Öberg-Högsta 
 Be              = percent bentonite ( )/ sands
bentonite
s mm  
mixture
d  = dry density of the mixture 
 bentonitesm = solid mass of bentonite 
sand
sm     = solid mass of sand  
 
Komine (2010) experimentally investigated the changes in the permeability of sand-
bentonite mixtures before and after swelling activity of sand-bentonite mixture with different 
content of bentonite (10%, 20%, 30%, and, 50%) and then the results were evaluated and 
compared with the results obtained from theoretical equations which were already developed by 
Komine (2008). Komine (2010) suggested that the equations can be an applicable model for 
predicting the permeability of sand-bentonite mixtures. However, the model has some 
limitations because it had many chemical parameters which were estimated using sophisticated 
procedures and equipment (Tripathi, 2013).   
Fan et al. (2014) conducted a series of one-dimensional consolidation tests on clayey soil 
(Kaolin)-bentonite and sand-bentonite mixtures in order to find out the influences of sand 
fraction and moisture content on the permeability property. The range of the grain size of the 
sand used was 0.075-1 mm. The bentonite contents used in the soil (Kaolin)-bentonite mixtures 
and sand-bentonite mixtures were (5, 10, and 15%) and (3, 5, 8, and 11%), respectively. They 
indicated that the permeability was greatly controlled by the bentonite content. 
 There were also some attempts to predict the permeability of sand-bentonite mixtures by 
different researchers.  Kenney et al. (1992) presented a model in which sand-bentonite mixture 
was assumed to be ideal. They conducted falling-head permeability tests using a rigid wall 
consolidometer apparatus. The samples used were sand having hydraulic conductivity of 10-2 
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cm/s, sodium bentonite of up to 20% having high swelling property, two types of permeant: 
distilled water and saline solution. The aim of using two permeants in the tests was to examine 
two situations of swelling that can be happened: high-swell bentonite and low-swell bentonite 
respectively. They stated that for the sand-bentonite mixtures having bentonite content of up to 
20%, the materials create a barrier to prevent the seepage and the specific role of each material 
include: sand for stability and bentonite for filling the voids. Also, they stated that in order to 
gain a proper distribution and a suitable compaction, the best water content of the mixture should 
be equal or more than the optimum water content (Figure 2.11). 
 
 
Figure 2.10 Hydraulic conductivities of sand-bentonite with different permeants (After Kenney, 
1992) 
 
Mollins et al. (1996) conducted four different methds for estimating the permeability of 
sand-bentonite mixtures. These methods were Rowe cell constant head tests, falling head tests, 
standard compaction permeameter, and consolidation tests. Distilled water has been used as a 
permeater in the tests. The materials selected were Conquest grade Wyoming bentonite and 
Knapton Quarry sand (silty fine angular quartz sand). The mixtures used having bentonite 
contents of 5, 10 and 20% by dry weight. In the results, they indicated that there was a linear 
relationship between the void ratio and logarithm of vertical effective stress for different 
bentonite contents at a particular effective stress (Figure 2.11). They also indicated that using 
very low bentonite content causes uneven distribution of bentonite in the mixture.  
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Table 2.3 Effects of coarse particles on the permeability of fine grained soil (Mollins, 1996)  
Author (year) Type of tested 
mixtures  
coarse particles 
content 
Outcome 
Jones (1954) Sand-gravel 
mixtures 
 
Gravel content 
<65% 
Less permeability 
comparing with sand alone 
Holtz and Lowitz 
(1957) 
Gravel-clay mixtures 
 
gravel content ≥ 
two-thirds of the 
total amount 
Affecting filling all the 
voids in the mixtures 
Dixon et al. 
(1985) 
Sand-bentonite 
mixtures 
 
Increasing sand 
up to 50% 
Reducing the effective 
porosity available for flow  
Daniel (1990) Clay-gravel mixtures 
 
Gravel content 
<10-20% 
A suitable ratio for liner 
materials 
 
Shakoor and 
Cook (1990) 
Silty clay-gravel 
mixtures 
 
gravel content 
>50% 
Increasing permeability 
significantly 
Chapuis (1990) Sand-bentonite 
mixtures 
 
*** Increasing total fine content 
leading to a decrease in the 
permeability of sand  
 
Sivapullaiah et al. (2000) also investigated the effects of the coarser fraction size on the 
permeability of sand-bentonite mixtures. For calculating permeability, Sivapullaiah et al. (2000) 
carried out a series of consolidation tests on several sand-bentonite mixtures. The materials used 
were bentonite, two silt, two fine sand, and two coarse sand. The bentonite was obtained from 
Kolar district in Karnataka State, India. Two groups of sands were obtined from locally availabe 
river sand which was washed and sieved into two groups; (1) fine sand (rounded) with a range of 
0.425-212 mm; and (2) coarse sand (rounded) with a range of 1.4-1 mm. In the same way, 
another two groups were obtained from the quarry dust to produce (1) fine sand (angular) with a 
range of 0.425-212 mm, coarse sand (angular) with a range of 1.4-1 mm. The last two groups 
were silt 1 obtained from quarry dust and silt 2 from Kaolinitic clay. These mixtures were 
consisted of several percentages of bentonite ranged from 0% to 100% mixed with one type of 
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the sands. They indicated that for any void ratio, increasing the size of the coarser fraction leads 
to an increase in the permeability of these mixtures. Sivapullaiah et al. (2000) also indicated that 
for any type of mixture, the logarithm of hydraulic conductivity changed linearly with the void 
ratio. They produced four methods to estimate the permeability of the sand-bentonite mixture, 
these equations had statistical correlations and were valid in case of using water as a permeant 
(Tripathi, 2013).   
Watabe et al. (2011) investigated the effect of sand-bentonite fractions on permeability by 
conducting several incremental loading odeometer tests on different soils (sand/clay and sand-
bentonite). It was indicated that there is no change in the permeability in case of sand particles 
were independent in the clay matrix. However, the permeability significantly increased with 
increasing the additive fraction of sand when the skeleton structure was formed by sand particles 
with a large sand fraction. 
 
2.3.4 Strength Characteristics 
In recent decades, mixing sand with an adequate amount of active clay/bentonite has become a 
common practice for providing mixtures as construction materials for geoenvironmental 
engineering applications, such as hydraulic barriers in landfills (Alther 1982) and cutoff walls 
(D’Appolonia 1980) cores in earth dams (Alkaya and Esener 2011), and buffer and backfill 
materials in radioactive nuclear waste containments (Dixon et al. 1985). The main advantages of 
sand-bentonite mixtures are low permeability and high mechanical stability for its applications 
despite the difference in particle-size distribution and chemical activity in these materials. The 
mechanical behaviour of sand-bentonite mixtures has become an important research topic in 
geotechnical engineering because of the need for long-term integrity structures.  
The strength behaviour of clean sand was investigated first by Coulomb in the 18th 
century (Das 1983); while the strength behaviour of pure clays was investigated approximately 
150 years later (Wasti and Alyanak 1968). The strength of sand-clay mixtures has been 
examined in the literature considering different characteristics. Miller and Sowers (1957) studied 
the effect of clay and sand contents on the shear strength of sand-clay mixtures by performing 
unconsolidated undrained triaxial tests. Wasti and Alyanak (1968) produced a relationship 
between Atterberg limits and clay content of sand-clay mixtures; they showed that the behaviour 
of the mixtures changes from sand to clay when there are sufficient clay particles to fill the 
voids. Cho et al. (2002) reviewed some literatures related to investigating the unconfined 
compressive strength and Young’s modulus of elasticity of compacted sand-bentonite mixtures 
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as a function of sand content, dry density, and water content. The mixtures were tested to be 
used as buffer materials in high-level radioactive waste repositories. They found that the 
unconfined compressive strength and Young’s modulus decreased as the sand content increased. 
They also noted that the logarithm of compressive strength and Young’s modulus increased 
linearly with the increase in dry density. Chalermyanont and Arrykul (2005) conducted direct 
shear tests on sand-bentonite mixtures having bentonite content of 0, 3, 5, 7, and 9% in order to 
estimate its shear strength parameters (i.e., friction angle and cohesion). They stated that the 
friction angle of the sand-bentonite mixtures decreased and cohesion increased as the bentonite 
content increased. Ölmez (2008) examined the shear strength properties and stress–strain 
characteristics of sand–kaolin mixtures, and found that these properties and characteristics 
changed remarkably at a kaolin content of 20%. Gueddouda et al. (2008) conducted an 
unconsolidated undrained direct shear test on saturated and unsaturated dune sand-bentonite 
mixtures with bentonite contents of 3, 5, 10, 12, and 15%. They noticed that, contrary to the case 
of the internal friction, the values of cohesion in the unsaturated case exceeded the values in the 
saturated case. Chen and Meehan (2011) carried out a series of unconsolidated-undrained triaxial 
tests on remoulded sand-bentonite mixtures (bentonite content 15, 25 and 50% by dry weight) 
using three compactive efforts. They investigated the influence of bentonite/sand mix 
proportion, compaction energy, compaction moisture content, and confining pressure on the 
stress-strain and shear strength behaviour of compacted sand-bentonite mixtures. Chen and 
Meehan (2011) found that at the same bentonite content, the optimum water content decreased 
and the dry unit weight increased with increasing the compaction energy, while at the same 
energy level, the optimum water content increased and the dry unit weight decreased with 
increasing the bentonite content in the mixture. They also found that the undrained strength 
increased as the compactive effort and confining pressure were increased and decreased as the 
water content was increased. Pakbaz and Moqaddam (2012) investigated the effect of clay 
content and sand gradation on the shear strength properties and the overconsolidation ratio, OCR 
exponent (m) of over-consolidated sand-clay mixtures. The sieves ranges of sand gradation 
numbers were 10-200, 30-200, and 50-200, while the clay content were 15, 20, 30 and 40%. 
They stated that at a particular sand gradation, the shear strength and m decreased with the 
increase of clay content; however, at particular clay content, as the sand gradation decreased, the 
shear strength and m also decreased. Elkady et al. (2014) conducted direct shear test on the 
compacted sand–attapulgite clay mixtures and cement (bentonite range of 0-60%) in order to 
find the most economical mixture to be used for clay core of earth fill dams and liners of solid 
waste containments. The main investigation was to determine the influence of clay content, 
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initial moulding conditions, normal stress, and wetting conditions on the shear strength 
behaviour. They indicated that the sand-clay mixture which included bentonite of 10% and sand 
of 90% was the most economical mixture. The literature mentioned described the importance of 
optimising the sand-bentonite mixture and investigating its strength characteristics, for structure 
integrity; however, the outcomes may depend on the type of sand (gradation) and bentonite used.  
In the states like Western Australia which predominantly have sandy soils, engineers face 
cost and physical integrity challenges in geoenvironmental projects. Investigating the strength 
behaviour of combinations of three types of local sands with different amounts of bentonite 
should assist with these challenges. Such findings have rarely been reported for sandy soils in 
this state. This study aims to provide a comprehensive understanding of the changes in strength 
characteristics with regards to bentonite content and sand gradation.  
 
2.4 Conclusions  
Design and investigating the behaviour of compacted sand/bentonite mixture in some 
geoenvironmental applications need to examine the following properties: permeability, 
compressibility, and strength of these mixtures, which require a considerable time and effort. 
Therefore, many researchers studied this mixture taking into account some factors that have a 
considerable effect on the economical sand-bentonite mixture with low permeability and 
appropriate strength. These factors are the  bentonite content, bentonite type, particle- size 
distribution, and permeated liquid. In this study, the permeability, compressibility, and strength 
properties of mixtures consisting of bentonite and three types of sands have been examined. 
Further, the effect of two factors, namely particle-size distribution and bentonite content on these 
properties have been considered.  
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CHAPTER THREE 
 
MATERIALS AND METHODS 
 
 
 
3.1 General 
The materials used in this study were three local Perth sands and sodium powder bentonite. A 
series of tests were carried out on these materials namely: standard Proctor compaction test, one-
dimensional consolidation tests, unconfined compressive strength test, and direct shear test. In 
this chapter, a brief description about these materials, their properties and the tests are presented. 
 
3.2 Materials 
3.2.1 Sands 
The sands used in this study were obtained from regional area around Perth, the state’s capital 
city and major population centre. Three types of sands were used, namely brickies, river, and 
plaster sands as shown in Figure 3.1. Brickies sand was sourced from a quarry site about 40 km 
north of Perth region, and used for different construction projects. Plaster sand was sourced from 
Carramar city, which is located at 30 km north of Perth, and commonly used for rendering and 
paving work. River sand was provided from Mundaring city, which is located in 34 km east of 
Perth. All types of sands were classified as poorly graded sand (SP) according to the unified soil 
classification system (USCS). The physical properties of sands are reported in Table 3.1. The 
Percentages of fine, medium and coarse gradation of the three types of sands are reported in 
Table 3.2. The Particle-size distributions of sands are shown in Figure 3.2. 
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Table 3.2 Percentage of fine, medium and coarse gradation of the three types of sands used in 
the study according to the Australian standard AS 1726-1993 
Gradation of sand River sand % Plaster sand % Brickies sand % 
Coarse sand     (0.600-2.36) mm 50 29 18
Medium sand  (0.212-0.600) mm 45 67 52 
Fine sand         (0.075-0.212) mm 4.5 3.5 25
Fines                    <0.075 mm 0.5 0.5 5
 
 
Figure 3.2 Particle-size distributions of sands  
 
3.2.2 Bentonite 
The bentonite used in this study was a powdered sodium bentonite, called the Ebenezer supplied 
by Bentonite Products Pty Ltd from the Ebenezer mine site in Queensland, Australia, as shown 
in Figure 3.1. The bentonite consisted of 81% montmorillonite with other components such as 
silica, feldspar and carbonates. The particle-size distribution of bentonite was estimated using 
hydrometer test as per (AS 1289.3.6.3-2003) as shown in Figure 3.3. From the test, it was 
indicated that more than 85% of bentonite particles are less than 75 μm. The values of the 
specific gravity, liquid limit, and plastic limit of bentonite are 2.67, 310%, and 56%, 
respectively. 
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Figure 3.3 Particle-size distribution of bentonite 
 
The compaction curve of bentonite was also evaluated and presented in Figure 3.4. It can be 
seen that the maximum dry unit weight is 12.18 kN/m3 and the optimum moisture content is 
37.20%. 
 
 
Figure 3.4 Compaction curve of bentonite 
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3.3 Methods 
3.3.1 Basic tests 
Several tests were carried out on sands and bentonite to estimate their basic properties according 
to the Australian standards as listed in AS 1289.0. These tests are: sieve analysis, specific 
gravity, minimum and maximum relative densities, constant head permeability, hydrometer test, 
liquid limit (cone penetrometer method) and plastic limit tests.  
 
3.3.2 Standard compaction tests   
Compaction tests were conducted for bentonite, three types of sands, and nine sand-bentonite 
mixtures in order to determine the optimum moisture contents (OMC) and the maximum dry unit 
weights (γdmax) for these materials. The tests were carried out using standard Proctor compaction 
method according to the Australian standard AS 1289.5.1.1. The equipment used in this test 
consisted of a mould with a diameter of 105 mm and a height of 115 mm, and a 2.5 kg rammer 
with a drop height of 300 mm. The procedures of the test started with mixing sand and bentonite 
in a dry condition to ensure homogeneity as suggested by Gleason et al. 1997. Distilled water 
was then added to the dry soils (sands and mixtures) at different moisture contents and 
sufficiently mixed to ensure the proper distribution of water into the soil particles before adding 
the distilled water. After adding the distilled water, the materials were sufficiently mixed to 
ensure a good distribution of water to all particles. These samples were stored in plastic bags and 
cured for 48 hours prior to the compaction. After the curing, the samples were compacted in the 
mould in three layers using 25 blows for each layer. Finally, the moisture contents and dry unit 
weights were calculated, and then plotted to have the compaction curve, which provides the 
optimum moisture content and maximum dry unit weight.  
 
3.3.3 One-dimensional consolidation tests 
The principle of consolidation test is measuring the settlement rate of a saturated cohesive soil 
subjected to a constant vertical load due to spelling out the water from the voids. In this study, 
the consolidation tests were conducted according to the procedures given in Head (1982). The 
apparatus used in the test consisted of 75 mm fixed ring consolidation cell, loading frame with 
9:1 lever arm, and an automatic dial gauge connected to a computer. The samples were first 
prepared by compacting them in the same way mentioned in the previous section. The amount of 
distilled water used for the compaction was 2% wetter than the optimum moisture content in 
order to achieve efficient compaction (Haug and Wong, 1992) with less permeability (Gleason et 
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al. 1997). The ring with the cutting edge was attached to the mould and pushed gently to the 
desired depth. After trimming the soil outside the ring, the ring was assembled to the cell. Porous 
stones and filter papers were placed in the bottom and top of the ring. The loads applied in the 
test were 100, 200, 400, 800 kPa and each load step was maintained for 24 hours. After applying 
the maximum load, the specimens were unloaded to 400 and 200 kPa, respectively. The dial 
reading and time rate of settlement data of the tested samples were recorded automatically, 
arranged and plotted in graphs in order to estimate the coefficient of consolidation. 
 
3.3.4 Direct shear tests 
Direct shear tests were conducted on the samples in order to estimate shear strength parameters 
of the compacted soils, namely friction angle (ϕ) and cohesion (c). The test was conducted based 
on the procedures based on Head (1982), which considered as a quick test, using ShearTrac-II 
apparatus (Geocomp Company, United States) as shown in Figure 3.5. The water content used 
for the mixtures were (OMC+2%) (Gleason et al. 1997; Daniel 1994). After the curing 
procedures, the samples were compacted using the standard Proctor compaction method. The 
compacted soils were then extruded from the standard mould to create three samples (60 mm 
length, 60 mm width, 20 mm height), using a sharp cutting tool. These samples were 
immediately sheared by applying three normal stresses (100, 200, and 300 kPa). A strain rate of 
1 mm/min was applied for shearing all the samples. 
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Figure 3.5 The apparatus of direct shear test used in the study 
 
3.3.5 Unconfined compression tests 
Unconfined compression tests were conducted to estimate the compressive strength of the 
compacted soils as per ASTM (D2166/D2166M-13). The apparatus used was a LoadTrac-ΙΙ load 
frame machine (Geocomp Company, United States) as shown in Figure 3.6. The samples were 
prepared in the same manner as for the compaction test using water contents of OMC+2% for 
the mixtures. A split mould (height 100.6 mm, diameter 50.5 mm) was selected to prepare the 
compacted samples. Three samples of each soil were tested using a strain rate of 1 mm/min.  
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0  
Figure 3.6 The apparatus of unconfined compressive strength test used in the study 
 
3.4 Conclusion 
A series of the following tests: standard compaction test, one-dimensional consolidation test, 
direct shear test, and unconfined compression test was conducted on sand/bentonite mixtures in 
order to investigate their permeability, compressibility, strength characteristics. The mixtures 
consisted of three different Perth sands, namely brickies sand, plaster sand, and river sand mixed 
with 5, 10, 20% of sodium bentonite from Queensland, Australia. 
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CHAPTER FOUR 
PERMEABILITY AND COMPRESSIBILITY             
CHARACTERISTICS OF SAND-BENTONITE MIXTURES 
 
 
 
4.1 General 
In states like Western Australia which is covered mostly by sandy soils, the engineers find 
difficulties in having clays economically for geoenvironmental projects. Any research finding 
that investigates the strength behaviour of the combinations of three types of Perth sands with 
different content of powder bentonite can be of significant importance. Such findings are rarely 
reported in the literature for local Perth sandy soil. The main investigation in this study is to give 
a full understanding about the trends of the change in the permeability and compressibility 
characteristics with regards to bentonite content and sand gradation. In this chapter, the effect of 
bentonite content and sand gradation in the sand-bentonite mixtures on different aspects 
regarding permeability and compressibility are examined. These aspects are compaction, 
coefficient of settlement, compression index, and permeability.  
 
4.2 Compaction Test Results 
Standard compaction tests were carried out on sands, bentonite, and sand-bentonite mixtures. 
From these tests, curves of dry unit weight-moisture content relationship were plotted as shown 
in Figures 4.1, 4.2, and 4.3. The maximum dry unit weight and optimum moisture content of 
each soil were evaluated by appointing the peak of compaction curves as reported in Table 4.1 
and shown in Figures 4.4 and 4.5, respectively. Figure 4.4 reveals that the value of the maximum 
dry unit weight of all mixtures for any type of sand increases with increasing the amount of 
added bentonite. This finding is in agreement with the result of the previous studies 
(Abdelrahman and Shahien 2004, Dixon and Gray 1985, Howell et al. 1997, Kenney et al. 1992, 
Mollins 1996, Seed and Chan 1959). However, in terms of optimum moisture content, the 
relationship becomes inversely with the bentonite content after 5%. It is noticed in all mixtures 
that the maximum dry unit weight increases with increasing the percentage of bentonite. This is 
because, the added bentonite filled the air voids within the sand particles and that led to an 
increase in the amount of compacted soil to be more than the case without bentonite or with less 
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amount of bentonite.   
 
Table 4.1 Maximum dry unit weight and optimum moisture content for soils 
No. Type of sample Abbreviatio
n 
Maximum dry 
unit weight 
(kN/m3) 
Optimum 
moisture 
content % 
1 Brickies sand Br 17.37 12.15 
2 95% Brickies sand + 5% Bentonite   BrS-5%B 17.82 13.19 
3 90% Brickies sand + 10% Bentonite BrS-10%B 17.93 12.54 
4 80% Brickies sand + 20% Bentonite  BrS-20%B 17.98 12.52 
5 River sand R 14.65 13.50 
6 95% River sand + 5% Bentonite   RS-5%B 15.30 15.95 
7 90% River sand + 10% Bentonite RS-10%B 15.42 15.20 
8 80% River sand + 20% Bentonite  RS-20%B 16.06 14.00 
9 Plaster sand P 16.92 14.29 
10 95% Plaster sand + 5% Bentonite   PS-5%B 17.33 15.50 
11 90% Plaster sand + 10% Bentonite PS-10%B 17.56 13.40 
12 80% Plaster sand + 20% Bentonite  PS-20%B 17.69 11.62 
13 Bentonite B 12.18 37.20 
 
 
 
Figure 4.1 Compaction curves of brickies sand-bentonite mixtures 
 
17.0
17.2
17.4
17.6
17.8
18.0
18.2
7 8 9 10 11 12 13 14 15 16 17
D
ry
 u
ni
t w
ei
gh
t, 
γ d
(k
N
/m
3 )
Moisture content (%)
0% 5% 10% 20%
Bentonite content
 36 | P a g e  
 
 
 
Figure 4.2 Compaction curves of plaster sand-bentonite mixtures 
 
 
Figure 4.3 Compaction curves of river sand-bentonite mixtures 
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Figure 4.4 Bentonite content versus maximum dry unit weight for all mixtures 
 
 
Figure 4.5 Bentonite content versus optimum moisture content for all mixture 
4.3 One-Dimensional Consolidation Test Results 
Data of the rate of settlement (δ) versus time factor (t) for sand-bentonite mixtures were 
produced by conducting one-dimensional consolidation tests as shown in Figures 4.6 - 4.14. 
From these data, curves were drawn and the coefficients of consolidation, compressibility, 
volume compressibility, and permeability were estimated.  
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Figure 4.6 Settlement (δ) versus time (t) relationship for 5RS-B mixtures 
 
 
Figure 4.7 Settlement (δ) versus time (t) relationship for 10RS-B mixtures 
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Figure 4.8 Settlement (δ) versus time (t) relationship for 20RS-B mixtures 
 
 
Figure 4.9 Settlement (δ) versus time (t) relationship for 5PS-B mixtures 
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Figure 4.10 Settlement (δ) versus time (t) relationship for 10PS-B mixtures 
 
Figure 4.11 Settlement (δ) versus time (t) relationship for 20PS-B mixtures 
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Figure 4.12 Settlement (δ) versus time (t) relationship for 5BrS-B mixtures 
 
Figure 4.13 Settlement (δ) versus time (t) relationship for 10BrS-B mixtures 
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Figure 4.14 Settlement (δ) versus time (t) relationship for 20BrS-B mixtures 
The relationships between the void ratio and logarithm of effective stress for all mixtures are 
shown in Figure 4.15. It can be seen that for any type of mixture, the value of void ratio 
decreases with the increasing bentonite content. It can also be seen that the highest range of void 
ratio is found in RS-B mixtures to be about 0.52 to 0.64 with an average difference in the void 
ratio between the mixtures of about 0.025. In the case of PS-B mixtures, the void ratio ranges 
from about 0.35 to 0.49. In these mixtures, as the bentonite content increases from 5% to 10%, 
there is a significant decrease in the void ratio of about 0.08. However, the decrease in the void 
ratio becomes very low of about 0.006 in the  case of 10% to 20%. Figure 4.15 also shows that 
BrS-B mixtures have the lowest range of void ratio of about 0.14 to 0.43. As the bentonite 
content increases from 5% to 10% in BrS-B mixtures, there is a dramatic decrease in the void 
ratio of about 0.084, and this value becomes double in terms of bentonite contents of 10% to 
20%. 
The compression index (Cc) is the ratio of the change in the void ratio to the change in the 
logarithm of effective stress of cohesive soils, which means the slope of the vergin part in the 
compression curves at the loading stage. Figure 4.16 explains the relationship between the 
compression index and the bentonite content, which is estimated from Figure 4.15. From Figure 
4.16, it can be seen that the compression index increases linearly with increasing bentonite 
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content for any type of sand-bentonite mixture. This pattern was also achieved by some previous 
researchers (De Magistris et al. 1998, Mishra et al. 2010, Watabe et al. 2011). However, the 
change in the compressibility index with the bentonite content differs and depends on the type of 
the sand used in the mixture. This difference is clearly explained in the slope of the trendlines of 
the mixtures in Figure 4.16. The descending order of the slopes of the mixtures is as follows: 
BrS-B, PS-B, and RS-B, and the values are: 0.0057, 0.0035, and 0.0013, respectively. This could 
be because of the effects of the variation in the particle-size distribution of the mixtures. For 
example, the percentage of coarse particles in RS-B mixtures is about double of the percentage 
of coarse particles in other mixtures, which leads the RS-B mixtures to have the least 
compressibility comparing with others. Therefore, it can be said that a mixture which contains a 
higher amount of coarse particles has the least compressibility. Further, in terms of BrS-B 
mixtures, having about six times more fine gradation than other mixtures, it would be the reason 
for the dramatic decrease in the void ratio from mixture to another, and the highest slope of 
compressibility index trendline. 
 
Figure 4.15 Void ratio (e) versus logarithm effective stress (σ'v) relationship for all mixtures 
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Figure 4.16 Compression index (Cc) versus bentonite content (p) relationship for all mixtures 
 
Based on the data of the coefficients of consolidation evaluated using improved rectangular 
hyperbola method, the coefficients of permeability (k) were estimated. The coefficients of 
permeability were plotted with respect to the effective stress as shown in Figure 4.17. From the 
results of permeability, it can be seen that there is a significant improvement in the permeability 
of most mixtures compared with the permeability of sands alone (as reported in Table 3.2). 
Figure 4.17 reveals that for all mixtures, the permeability decreases with the increased effective 
stress; and for any type of mixture, the permeability also decreases with the increase of bentonite 
content. It is also noticed that the highest permeability is achieved by RS-5%B mixture, which is 
in the range of 4.04×10-7  to 1.17×10-7 m/s, whereas the lowest permeability is achieved by BrS-
20%B mixture, which is in the range of  2.38×10-9 - 2.78×10-10 m/s. In Figure 4.17, it can also be 
observed that, as the bentonite content increases, there is a considerable change in the 
permeability of RS-B and PS-B mixtures. However, in case of BrS-B mixtures, the change in the 
permeability is approximately similar after adding bentonite for all loads. It may be stated that 
the different structural forms (voids and particles) of the mixtures reflect the variation in the 
permeability behaviour. Another outcome is that all the sand-bentonite mixtures except RS-5%B 
and PS-5%B meet the criteria of the hydraulic barrier, which means that their permeability are 
less than  10-9 m/s. Therefore, the optimum amount of bentonite which should be added to the 
sand as a hydraulic barrier is as follows: 5% for Brickies sand, and 10% for River and Plaster 
sand.  
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Figure 4.18 explains the variation of permeability versus the void ratio of all mixtures. It is 
observed that  the permeability decreases with the decrease in the void ratio for all mixtures. 
This result has been presented in some previous research (e.g. Sivapullaiah et al.  2000, Watabe 
et al.  2011).  
 
 
Figure 4.17 Permeability (k) versus effective stress (σ'v) relationships of all mixtures  
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Figure 4.18 Permeability (k) versus void ratio (e) relationships of all mixtures 
 
4.4 Conclusions 
A series of one-dimensional consolidation tests were conducted on different sand-bentonite 
mixtures prepared from three types of sands, namely brickies sand (BrS), river sand (RS) and 
plaster sand (PS),  and three percentages of bentonite (B) (5%, 10%, and 20%), in order to 
investigate the effect of the variation in particle-size distribution on the compressibility and 
permeability behaviour of the mixtures. Four different methods for estimating the coefficients of 
consolidation were used and examined in this study. Based on the results and discussion, it can 
be noticed that the permeability and compressibility are greatly affected by the type of soil used 
in the mixtures. The optimum amount of bentonite for brickies sand, plaster sand and river sand 
to achieve a permeability of less than 10-9 m/s, which is a liner design requirement, was found to 
be 5%, 10%, and 10%, respectively. The compression index increases linearly with the 
increasing bentonite content for any type of sand-bentonite mixture, but the rate of  increase is 
relativley higher for the mixtures of brickies sand and bentonite. 
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CHAPTER FIVE 
STRENGTH PROPERTIES OF SAND-BENTONITE MIXTURES 
 
 
 
5.1 General 
The patterns of the change in the strength characteristics with respect to bentonite content and 
sand gradation are investigated. This chapter describes the results of unconfined compression 
tests and direct shear tests conducted on the sand-bentonite mixtures considering the effects of 
bentonite content and sand gradation on the strength characteristics of these mixtures. These 
characteristics are shear-strain behaviour, unconfined compressive strength, maximum vertical 
strain, and Young’s modulus. In addition to these characteristics, the failure plane of the 
mixtures is also examined in this chapter. 
 
5.2 Strength Test Results 
Two different types of tests were conducted on the sand-bentonite mixtures, namely unconfined 
compressive strength tests and direct shear tests. The results of the two tests are described in the 
following sections.  
 
5.2.1 Unconfined compressive strength results 
Stress-strain curve for all mixtures of the three types of sand was estimated by taking the average 
result of the three tested samples, as shown in Figures 5.1 - 5.3. From these curves, four aspects 
were evaluated namely: unconfined compressive strength, maximum vertical strain, angle of 
failure, and Young’s modulus (i.e., the ratio of stress to strain), which are shown in Figures 5.4 - 
5.7, respectively.  
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Figure 5.1 Unconfined compressive test results for river sand bentonite mixtures  
Note: Each point in the curve is the average result of testing three samples. 
 
 
 
 
Figure 5.2 Unconfined compressive test results for plaster sand bentonite mixtures  
Note: Each point in the curve is the average result of testing three samples. 
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Figure 5.3 Unconfined compressive test results for brickies sand bentonite mixtures  
Note: Each point in the curve is the average result of testing three samples. 
 
Figure 5.4 shows that the unconfined compressive strength qu values for of PS-B and RS-B 
increase with the bentonite content as reported by Cho et al. (2002). The rates of increase are 33 
% and 26 % for PS-B and RS-B, respectively. However, the rate of increase in BrS-B mixtures 
up to a bentonite content of 10% is 42%; beyond 10% it rises slowly, possibly because of the 
higher content of fine particles in 20BrS-B mixture. It means BrS-B mixtures do not show a 
significant improvement in the strength as the bentonite content exceeds 10%. Figure 5.4 also 
shows that the highest values of maximum compressive strength were recorded for 20RS-B, 
20PS-B, and 20BrS-B at 654.28 kPa, 579.95 kPa, and 502.05 kPa, respectively. 
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Figure 5.4 Bentonite content versus compressive strength for all mixtures 
 
The maximum vertical strain increases linearly with increasing bentonite content for all mixtures 
except for PS-B (Figure 5.5). The slope for BrS-B and RS-B mixtures were estimated to be 0.46 
and 0.22, respectively. In the case of PS-B mixtures, the maximum vertical strain increases 
rapidly at a rate of 0.62; however, the strain rate decreases from 8.6% to 6.6% when the 
bentonite content exceeds 10%.
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Figure 5.5 Bentonite content versus maximum vertical strain for all mixtures 
 
Young's modulus of elasticity was also estimated from the stress-strain curves (Figure 5.6); as 
the bentonite content increases Young's modulus also increases, as also reported by Cho et al. 
(2002), except for 20BrS-B and 20RS-B, at which they decrease. The highest values of Young's 
modulus of elasticity i.e., the stiffest materials, are 14.86, and 12.57 MPa, for RS-B with 10 and 
20% bentonite content, respectively. 
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Figure 5.6 Bentonite content versus Young's modulus for all mixtures 
 
Photographs for the failure plane of all sand-bentonite mixtures were captured and listed in 
Figures 5.8 - 5.19. The angles of failure for the tested sample of mixtures were also estimated 
and drawn in Figure 5.7. It can be seen that the angle of failure decreases approximately linearly 
with the increase of bentonite content. However, for RS-B and PS-B mixtures after the bentonite 
contents exceed 10%, the change in the angle of failure becomes marginal. The rate of decrease 
for RS-B, BrS-B, and PS-B are 0.702, 0.544, and 0.466, respectively. 
 
Figure 5.7 Bentonite content versus angle of failure for all mixtures 
0
2
4
6
8
10
12
14
16
18
0 5 10 15 20 25
Y
ou
ng
's 
m
od
ul
us
, E
 (M
Pa
)
Bentonite content, p (%)
River sand Plaster sand Brickies sand
55
60
65
70
75
80
0 5 10 15 20 25
A
ng
le
 o
f f
ai
lu
re
, θº
Bentonite content, p (%)
River sand Plaster sand Brickies sand
 53 | P a g e  
 
 
 
  
Figure 5.8 Photographs of brickies sand specimens tested by unconfined compressive strength 
test 
 
 
Figure 5.9 Photographs of 5BrS-B specimens tested by unconfined compressive strength test 
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Figure 5.10 Photographs of 10BrS-B specimens tested by unconfined compressive strength test 
 
 
 
 
 
 
Figure 5.11 Photographs of 20BrS-B specimens tested by unconfined compressive strength test 
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Figure 5.12 Photographs of plaster sand specimens tested by unconfined compressive strength 
test 
 
 
 
 
 
 
Figure 5.13 Photographs of 5PS-B specimens tested by unconfined compressive strength test 
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Figure 5.14 Photographs of 10PS-B specimens tested by unconfined compressive strength test 
 
 
 
 
 
 
 
Figure 5.15 Photographs of 20PS-B specimens tested by unconfined compressive strength test 
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Figure 5.16 Photographs of river sand specimens tested by unconfined compressive strength test 
 
 
 
 
 
 
 
Figure 5.17 Photographs of 5RS-B specimens tested by unconfined compressive strength test 
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Figure 5.18 Photographs of 10RS-B specimens tested by unconfined compressive strength test 
 
 
 
 
 
Figure 5.19 Photographs of 20RS-B specimens tested by unconfined compressive strength test 
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5.2.2 Direct shear tests results  
Direct shear tests were performed with three normal stresses of 100, 200, and 300 kPa for three 
sands and nine sand-bentonite mixtures in the range 5-20% bentonite content, in order to 
estimate their Mohr-Coulomb failure envelope (Figures 5.20 – 5.22) and hence, their strength 
parameters i.e., angle of internal friction and cohesion (Figures 5.23 – 5.24). From Figures 5.20 
– 5.22, it is clear that the maximum shear strength (τmax) increases linearly with normal stresses 
for the sand and bentonite mixtures. A similar result was also noted by Chalermyanont and 
Arrykul (2005). The values of τmax were also analysed for the three normal loads. For the low 
normal load considered in this study, the τmax tends to merge regardless of the case examined. At 
this load, the average value of τmax for all bentonite levels for BrS-B, PS-B, and RS-P mixtures 
were determined to be 107.18, 110, and 118.76 kPa, respectively. However, at the maximum 
normal load, as the bentonite content increases, the τmax decreases as reported by Gueddouda et 
al. (2008). The range of values determined for τmax with bentonite content for BrS-B, PS-B, and 
RS-P mixtures are 266.7-184.6 kPa, 302.3-250.9 kPa, and 313.4-210.8 kPa, respectively. It is 
also indicated that at normal stress of 200 kPa, the rate of decrease is not consistent for all types 
of the sands tested in this study. 
 
 
 
Figure 5.20 Mohr-Coloumb failure envelopes for RSB mixtures  
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Figure 5.21 Mohr-Coloumb failure envelopes for PSB mixtures 
 
 
 
 
 
 
Figure 5.22 Mohr-Coloumb failure envelopes for BrSB mixtures  
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The angle of internal friction decreases with increasing bentonite content for all three sand types 
(Figure 5.23). This is in agreement with the results reported by Chalermyanont and Arrykul 
(2005) and Gueddouda et al. (2008). For each type of mixture, a linear equation, was fitted to the 
data to describe the corresponding pattern. For this equation, a and b are given in Table 5.1 and 
represent the constants specified for any type of mixture. A high rate of decrease can be found in 
RS-B and BrS-B mixtures at about 1.1 and 0.96, respectively; whereas, PS-B mixture has the 
low rate of decrease at about 0.55. 
 
Table 5.1 Constants of the linear equation estimated for friction angle trend lines of three types 
of mixtures 
No. Type of sample a b R2 
1 BrSB -0.96 40.7 0.97 
2 RSB -1.1 46.7 0.97 
3 PSB -0.55 43.2 0.97 
 
 
 
 
Figure 5.23 Bentonite content versus friction angle for all mixtures 
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Contrary to the angle of internal friction results, Figure 5.24 indicates that the cohesion increases 
linearly as the bentonite content increases for all cases, as reported by Chalermyanont and 
Arrykul (2005) and Gueddouda et al. (2008). Notably, PS-B mixture has the lowest value and 
the rate of increase changes linearly in contrast to the other mixtures. The values of cohesion for 
PSB mixture are as follows: 3.35, 23.4, 30.5, and 59.2 kPa, for BrS-B and PS-B, the cohesion 
increases rapidly with increasing bentonite content from 0 to 10%, after this the rate of increase 
becomes low and ranges from 58.3 to 64.5 kPa for 0%, and 65.4 to 69.4 kPa for 10%. 
 
Figure 5.24 Bentonite content versus cohesion factor for all mixtures 
 
5.9 Conclusions 
A series of the following tests: unconfined compressive test and direct shear test were carried out 
on different sand-bentonite mixtures containing three types of Perth sands, namely brickies sand 
(BrS), river sand (RS) and plaster sand (PS),  and three percentages of bentonite (B) (5%, 10%, 
and 20%). The results obtained from strength tests indicate that the unconfined compressive 
strength, the cohesion and the Young’s modulus increase with the increase in bentonite content, 
while the angle of internal friction decreases.   
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CHAPTER SIX 
 
METHODS OF ESTIMATING COEFFICIENT OF 
CONSOLIDATION 
 
 
 
6.1 General 
The assessment of settlement and permeability behaviour of a soil under pressure applied in 
increments requires evaluating the coefficient of consolidation (cv) using one-dimensional 
consolidation test, which produces date of compression versus time. Different anaytical methods 
have been suggested in the literature for estimating cv. Most of these methods are graphical and 
based on Terzaghi’s one-dimensional consolidation theory. Two of these methods are standards 
and widely used namely: Casagrande logarithm of time fitting method (Casagrande and Fadum  
1940, Taylor  1948) and Taylor square root of time fitting method (Taylor  1948). Other methods 
are analytical method (Sivaram and Swamee  1977), improved rectangular hyperbola fitting 
(Sridharan and Prakash  1985), velocity (Perkin, 1978), inflection point (Cour, 1971), and 
revised logarithm of time fitting (Robinson and Allam, 1996). As the values of cv produced by 
these methods vary broadly; it is hard for engineers to select the most reasonable method. In this 
chapter, an atempt is made to compare between the first four methods, which were used in 
Chapter 6 to calculate the permeability for sand/bentonite mixtures, to select the most reliable 
method. Other methods were disregarded because they are required settlement-time relationships 
having S-shape curves to be applicable (Shukla et al.  2009) which have not been obtained for all 
mixtures.  
 
6.2 Terzaghi’s One-Dimensional Consolidation Theory 
Terzaghi (1925) presented the first theory regarding the time rate of one-dimensional 
consolidation of a saturated cohesive soil under the applied load (Das, 2013).  Terzaghi 
expressed the theory in the form of a diffusion equation which is shown in Eq. (6.1). The 
equation describes the rate of change in the excess pore water pressure to the sample depth; it is 
applicable to a cohesive soil which is laterally confined and subjected to a sustained load. 
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                                                                                                                      (6.1)
 where: 
u = excess pore water pressure,  
z = depth,  
t = time 
 
Equation (6.1) was simplified to describe the relationship between average degree of 
consolidation (U) and time factor (T ) as shown in Eq. (6.2). 
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2 )exp(
21                                                                                                   (6.2) 
 where: 
  )12(
2
 mM   
  2H
tc
T v  
U = averge degree of consolidation (It is defined as a ratio of the comression at any 
time to the ultimate compression, the compression at the end of primary 
consolidation) 
T = time factor 
cv = coefficient of consolidation 
H = maximum drainage distance 
 
6.3 Methods of Estimating (cv) 
6.3.1 Casagrande Logarithm of Time Fitting Method 
This method was derived from Terzaghi’s one-dimensional consolidation theory by casagrande 
and Fadum (1940). The method is used in most standards; it relys on the plots of the relationship 
between compression dial readings (δ) and logarithm of time (t) of consolidation curve. The 
procedures of Casagrande method are described below and shown in Figure 6.1 (Head, 1982): 
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1. Plot the compression (δ)  versus Log t curve for each load increment. 
2. Find the compression which respresens  0% primary consolidation.  
3. Draw a tangent to the inflection point and a tangent to the steepest part in the secondary 
consolidation  part.  
4. Find the compression which respresents 100% consolidation from the secondary 
compression part by ploting the intersection between the two tangents. 
5. Estimate the time for 50% primary consolidation. 
6. Calculate the coefficient of consolidation using Eq. (6.2). 
 
50
2197.0
t
Hcv                                                                                                                        (6.2) 
 where: 
50t  = time at 50% primary consolidation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Casagrande logarithm of time method for estimating cv (After Head, 1982) 
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6.3.3 Analytical Method 
The analytical method used for calculating cv was proposed by Sivaram and Swamee (1977). 
The method utilizes three incremental loading readings resulted from the consolidation test. The 
required equations for this method are reported in the following Equations  (Eqs 6.4 - 6.9): 
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where: 
1 , 2 = two reading in the early phase of consolidation, corresponding to 1t and 2t , 
respectively. 
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Figure 6.5 Coefficient of consolidation (cv) estimated by using four methods versus logarithm 
effective stress (σ'v) for 10% river sand-bentonite mixture 
 
 
Figure 6.6 Coefficient of consolidation (cv) estimated by using four methods versus logarithm 
effective stress (σ'v) for 20% river sand-bentonite mixture 
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Figure 6.11 Coefficient of consolidation (cv) estimated by using four methods versus logarithm 
effective stress (σ'v) for 10% brickies sand-bentonite mixture 
 
 
Figure 6.12 Coefficient of consolidation (cv) estimated by using four methods versus logarithm 
effective stress (σ'v) for 20% brickies sand-bentonite mixture 
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6.5 Conclusions 
Four methods, namely Casagrande logarithm of time fitting method, Taylor square root of time 
fitting method, analytical method and improved rectangular hyperbola fitting, are compared for 
estimating the coefficient of consolidation of sand-bentonite mixture. The analysis shows that 
the improved rectangular hyperbola method is the most reliable method for calculating the 
coefficient of consolidation among the four methods. 
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CHAPTER SEVEN 
 
SUMMARY AND CONCLUSIONS 
 
 
 
7.1 Summary 
A series of the following tests: one-dimensional consolidation tests, unconfined compressive test 
and direct shear test were carried out on different sand-bentonite mixtures containing three types 
of Perth sands, namely brickies sand (BrS), river sand (RS) and plaster sand (PS),  and three 
percentages of bentonite (B) (5%, 10%, and 20%), in order to investigate the effect of the 
variation in particle-size distribution on the compressibility, permeability, and strength 
characteristics behaviour of sand/bentonite mixtures and also to describe the trends of change in 
these characteristics with regards to bentonite content. Four different methods for estimating the 
coefficients of consolidation were used and examined in this study.  
 
7.2 Conclusions 
Based on the results and discussion obtained from standard compaction tests, one-dimensional 
consolidation tests, unconfined comression strength tests, and direct shear tests the following 
conclusions are made: 
 
7.2.1 Compaction behaviour 
1. For all types of the mixtures studied, the maximum dry unit weight increases as the 
bentonite content increases.  Also, for a particular bentonite content, the maximum dry unit 
weight increases as the fine particles in the sands increase.  
2. The optimum moisture content increases with initial bentonite content of 5%, and then 
decreases with further increase. 
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7.2.2 Compressibility and permeability behaviour 
1. The void ratio of the sand-bentonite mixture decreases with increasing bentonite content    
for all three types of sand used in this study.  
2. The compressibility behaviour of the brickies sand-bentonite (BrS-B) mixtures changed 
significantly with increasing bentonite content more than the change in the other mixtures.   
3. The highest range of void ratio can be found in RS-B mixtures is about 0.64 to 0.52, 
however, the lowest range of void ratio is about 0.43 to 0.14 in the BrS-B mixtures and 
finally, in the case of PS-B mixtures, the range becomes from about 0.49 to 0.35. 
4. The compression index increases linearly with increasing bentonite content for any type of 
sand-bentonite mixture and the slope of the increase in the compression index of BrS-B 
mixtures is about four times more than the compression index of RS-B and 1.5 times more 
than the compression index of PS-B . 
5. The permeability decreases with increasing effective stress in any mixture, and also 
decreases with an increase in the bentonite content. 
6. All the sand-bentonite mixtures except RS-B and PS-B mixtures which have 5% bentonite 
content can meet the requirements of the hydraulic barrier in terms of permeability property. 
Further, the optimum amount of bentonite which should be added to the sand as a hydraulic 
barrier is as follows: 5% for brickies sand, and 10% for river sand,  and 10% plaster sand.  
 
7.2.3 Strength behaviour 
7.2.3.1 unconfined compressive strength 
1. The unconfined compressive strength increases approximately linearly with the bentonite 
content for the three types of mixtures. However, for the BrS-B mixture, after the bentonite 
content exceeds 10%, the increase is much smaller.  
2. The maximum vertical strain increases linearly with bentonite content for all mixtures except 
for PS-B mixture for which with bentonite content of 10%, it decreases significantly. 
3. The slope of the failure planes under unconfined loading decreases approximately linearly 
with the bentonite content; however, there is no change after the bentonite exceeds 10% in 
RS-B and PS-B mixtures. 
4. As the bentonite content increases, Young's modulus of elasticity also increases except for 
20BrS-B and 20RS-B mixtures. The RS-B mixture has the highest Young's modulus of 
elasticity. 
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7.2.3.2 direct shear  
1. For all types of the mixtures in this study, the maximum shear strength (τmax) increases 
linearly with the normal stresses; however, the distribution of τmax with respect to the 
bentonite content is different from one load to another as follows: almost merging at 100 
kPa, no consistency at 200 kPa, and decreasing with bentonite content at 300 kPa. 
2. The angle of internal friction decreases linearly with increasing bentonite content for all 
three cases. The RS-B has the highest rate of decrease. 
3. For all mixture types, the cohesion increases linearly as the bentonite content increases.  
 
7.2.4 Methods of estmiating cv 
Four different methods for estimating the coefficient of consolidation (cv) of sand-bentonite 
mixtures were compared to find the most suitable method among them. The result produced a 
descending order in terms of the values of cv. as follow: improved rectangular hyperbola fitting 
method, Taylor square root of time fitting method, Casagrande logarithm of time fitting method, 
and analytical method. It can be noticed also that the improved rectangular hyperbola fitting 
method produced the most consistent values of cv. Therefore, the improved rectangular 
hyperbola method is the most reliable method for calculating the coefficient of consolidation and 
hence the permeability among the four methods. 
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7.3 Recommendations for Future Works 
The objective of this study is to investigate the engineering characteristics of Perth sand-
bentonite mixtures as liners/barriers in some engineering applications. Investigating the 
engineering characteristics, such as permeability and strength helps to support recommendation 
for a cost-effective liner/barrier material with three different local soils. Some recommendations 
for future works can be presented as follows:   
 
 Investigating the permeability for the sand-bentonite mixtures using another methods, 
such as falling head using a compaction permeameter and standard triaxial cell; and 
drawing a comparison between the new results with the results presented in this study. 
 Investigating the swelling characteristics of the sand-bentonite mixtures by conducting 
swelling tests.  
 Investigating the permeability and strength characteristics of coastal Perth sands, which 
is very fine sand, with bentonite as liners/barriers for the engineering applications. 
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